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The Influence of Friction Stir Processing Parameters
on Microstructure of As-Cast NiAl Bronze

KEIICHIRO OH-ISHI and TERRY R. McNELLEY

The influence of friction stir processing (FSP) parameters on the evolution of microstructure in an
equilibrium-cooled, as-cast NiAl bronze (NAB) material was evaluated by optical microscopy (OM)
and transmission electron microscopy (TEM) methods. A threaded pin tool was employed and tool
rotation and traversing rates were varied in order to examine the spatial variation of stir zone microstruc-
tures in relation to FSP parameters. For processing at low rotation and traversing rates, the microstruc-
ture throughout the stir zone consists of elongated and banded grains of the primary « and transformation
products of the 3 phase. Such microstructures reflect severe deformation at temperatures up to ~900 °C
in the @ + B two-phase region for this NAB material. Increasing rotation and traversing rates, coarse
Widmanstitten « near the surface in contact with the tool became apparent. The appearance of this
constituent reflects nearly complete transformation to 3 during FSP with peak temperatures of ~1000 °C.
Also, complex stir zone flow patterns, often referred to as onion ring structures, become distinct in
the mid regions of the stir zones as rotation and traversing rates increase. Schematic representations
illustrating the effect of FSP parameters on thermal cycles at various locations in stir zones were
prepared based on microstructure observations. Thus, processing at higher rotation and traversing
rates results in higher peak temperatures near the surface in contact with the tool but also in steeper

temperature gradients when compared to lower rotation and traversing rates.

I. INTRODUCTION

FRICTION stir processing (FSP) is a solid-state
technique that can provide localized modification and control
of microstructure in the near-surface regions of a deformable
metal.[>3 The concept of FSP is relatively simple: a cylin-
drical, wear-resistant tool having a larger-diameter shoulder
and a concentric smaller-diameter pin is rotated while the
pin is forced into the surface of the material. The pin pen-
etrates until the tool shoulder comes into contact with the
surface and the tool is then traversed along a path to process
the region of interest. Frictional and adiabatic heating due
to a combination of sliding and sticking conditions at the
workpiece surface in contact with the tool led to localized
heating and softening and to steep gradients in strain, strain
rate, and temperature within a localized stir zone surround-
ing the pin. The tool shoulder acts to constrain upward dis-
placement of the material in the stir zone, while severe plastic
deformation in the stir zone results in movement of material
about the pin.

The localized thermomechanical cycle of FSP homoge-
nizes and refines stir zone microstructures, leading to
improved material properties in the processed layers. The
FSP is an adaptation of friction stir welding (FSW) tech-
nology and has been applied to achieve localized microstruc-
ture modification in wrought and powder metallurgy
materials as well as cast metals.*~'! For example, in wrought
AA7075, FSP has been used to generate highly refined grains
that support high-strain-rate superplasticity.[*>°! The tech-

KEIICHIRO OH-ISHI, Postdoctoral Research Associate, and TERRY
R. McNELLEY, Professor of Materials Science, are with the Center for
Materials Science, Department of Mechanical and Astronautical Engi-
neering, Naval Post Graduate School, Monterey, CA 93943-5146. Contact
email: tmenelley @nps.edu

Manuscript October 21, 2004.

METALLURGICAL AND MATERIALS TRANSACTIONS A

U.S. GOVERNMENT WORK

nique has also been used to bond surface layers of com-
posite material, 50 to 200 wm in thickness and containing
uniformly distributed SiC particles, to an aluminum alloy
substrate.””! The resulting material exhibited significant sur-
face hardening. Improved microstructures and properties in
nanophase aluminum alloys have also been attained by FSP."!

For cast metals, FSP can homogenize the as-cast
microstructures and redistribute inclusions as well as close
porosity in the stir zone. The processed surface layers are
effectively converted from a cast to a wrought condition in
the absence of macroscopic shape change and so FSP rep-
resents a means for surface modification and hardening of
cast components. Processing of as-cast AA356 (nominally
Al-7 wt pct Si) by FSP resulted in redistribution of the eutec-
tic Si located in interdendritic regions of as-cast material as
equiaxed particles in processed material, while porosity was
eliminated in the stir zone.”” Nevertheless, bandlike or ring-
like features consisting of layered regions having either finer
or coarser Si particles were observed in transverse sections
through stir zones. The extent of improvements in tensile
properties depended on FSP parameters, i.e., tool design,
rotation rate, and traversing speed. Microstructures involv-
ing bandlike variations in grain size, constituent distribu-
tion, or inclusion content have all been documented in
investigations into both FSW and FSP and such features
may affect the resulting mechanical properties.>!2-1!

The application of FSP to as-cast NiAl bronze (NAB)
alloys has also been shown to provide microstructure refine-
ment and elimination of casting porosity.['! These alloys are
widely used for marine components that often involve thick
sections. The slow cooling rates (typically 107 to 1072 °Cs™ 1)
in such circumstances may result in reduced properties, and
so FSP represents a method for selectively strengthening such
components. The physical metallurgy of NAB alloys is com-
plex. The constitution and transformation characteristics of
these materials have already been described in detail!!’=>*!
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and reviewed recently.!'®! Briefly, NABs are quaternary
Cu-Al-Ni-Fe alloys; the UNS95800 alloy of interest in the
present work is nominally Cu-9AI-5Ni-4Fe (compositions in
weight percent).?*! During cooling at a nominal rate of
~107% °Cs™!, the cast metal solidifies as a single-phase
bece solid solution and cools as 3 until about 1030 °C. Below
this temperature, the primary « fcc terminal solid solution
begins to form in the 8 with a Widmanstitten morphology.
At 930 °C, a globular precipitate, k;, which is nominally
Fe;Al and has a DO; structure, begins to form in the remain-
ing B. The globular k;; precipitates may reach sizes of 20 to
30 wm. Upon cooling below 860 °C, a finer Fe;Al precipitate,
K;,, begins to form in the primary . Finally, the volume of
B continues to decrease until a eutectoid reaction,
B — a + kj;, takes place at 800 °C. The k;; is nominally
NiAl having a B2 structure. Thus, following such equilib-
rium cooling, the microstructure consists of the primary «,
which contains a fine dispersion of the «;,, and a eutectoid
constituent, & + kj;. The coarse, globular k; phase is dis-
persed in the eutectoid constituent.

The effects of FSP on the microstructure of an equilib-
rium-cooled NAB material have been evaluated in a recent
article.' A single tool design and one set of FSP parameters
were considered in a detailed study of phase transformations
in this NAB material. The selected parameters were deemed
representative of FSP and resulted in stir zone peak tem-
peratures in the range of 800 °C to 900 °C, with subse-
quent cooling rates that were estimated to be ~10° °Cs™".
Phase transformations during cooling of NAB materials are
strongly dependent on the initial annealing temperature and
subsequent cooling rates. The analysis revealed that the
severe concurrent deformation during the heating of FSP
tended to accelerate reactions such as the reversion of the
eutectoid a + k;; = B . This reaction took place in regions
where the peak temperature exceeded 800 °C. The cooling
rates in processed material resulted in various nonequilib-
rium transformation products of the 3, which included mix-
tures of Widmanstitten «, bainite, and martensite. Peak
temperatures at various locations in the stir zone could be
estimated based on these observations; this is useful because
direct measurement of temperature in such locations is infea-
sible. The current investigation was initiated in order to
assess the role of FSP parameters in the evolution of the
microstructure in as-cast NAB materials.

II. EXPERIMENTAL PROCEDURES

The material examined in this investigation conforms to
the composition specification for UNS95800 NAB. This
specification was included in a previous report,'% and the
composition data for the alloy of interest here are also pro-
vided in Table I. The FSP was accomplished at Rockwell
Scientific Company (Thousand Oaks, CA) with tools
machined from MP159, an alloy having a nominal
composition of 25Ni- 36Co-19Cr-9Fe-7Mo-3Ti (wt pct).
Details of the tool design were also given previously;"®!
briefly, the tools were machined to have a shoulder diame-
ter of 23.8 mm, pin diameter of 7.95 mm, and pin depth of
6.65 mm. In addition, the pin had a spiral groove. In the
present investigation, as-cast NAB material was processed
using four different combinations of tool rotation and tra-
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Table I. Composition Data for the UNS95800 NAB Alloy
Examined in this Investigation

Element Cu Al Ni Fe Mn Si Pb
Alloy 81.2 939 429 3.67 120 0.05 <0.005

Table II. Processing Parameters for the Tool Employed
in this Study

Process Parameters FSP 514 FSP 516 FSP 520 FSP 528

Rotation rate (rpm) 600 800 1000 1200
Traversing rate
(mm m™ ') 25.4 152 203 406

versing rates, as summarized in Table I1.>* Each of these
processes involved a traverse approximately 200 mm in
length. The sample designators are only serial numbers. In
all cases, the tool was inclined ~3 deg opposite the direc-
tion of tool advance (the x direction) and the FSP was con-
ducted under x-axis displacement rate control.'®?* At the
highest rotation and traversing rates, the pin deformed in the
initial stages of processing and became compressed by 1 to
2 mm, with a varying pin diameter. No tool erosion or trans-
fer of tool material to the work piece was observed; never-
theless, tools have subsequently been machined from
Densimet, a powder metallurgy W-Ni material, in order to
eliminate tool deformation.

Microscopy methods have also been described previ-
ously.!"® Briefly, samples for microscopy were prepared by
sectioning on a transverse plane so that the direction of tool
advance was aligned into the plane of the section. The sec-
tions were located approximately at the midpoint of traverses
where FSP appeared to be at a steady state. Optical microscopy
(OM) involved standard preparation methods; etching used
a two-step process involving immersion for 1 to 2 seconds
in a solution of 40 mL water-40 mL ammonium hydroxide-
2 mL hydrogen peroxide (30 pct), and rinsing in water, fol-
lowed by immersion for 1 to 2 seconds in a solution of 60 mL
water-30 mL phosphoric acid-10 mL hydrogen peroxide.
Etched samples were examined using bright-field (BF) illu-
mination in a JENAPHOT* 2000 equipped with a digital

*JENAPHOT is a trademark of Carl Zeiss, Oberkochen, Germany.

imaging system. Transmission electron microscopy (TEM)
was accomplished with a TOPCON** 002B instrument

**TOPCON is a trademark of Topcon America Corp., Paramus, NJ.

operating at 200 kV. Samples for TEM examination were
obtained by first sectioning with a low-speed diamond saw
to obtain a transverse slice through the stir zone of processed
material. Then, disks 3 mm in diameter and having normal
directions parallel to the travel direction were thinned to per-
foration by electropolishing using a 33 pct nitric acid-67 pct
methanol solution initially cooled to —25 °C; ion milling
using a HITACHI*** E-300 ion mill operating at 4 kV for

#HITACHI, Ltd., Tokyo, Japan.

~1 hour was employed with selected samples.
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III. RESULTS

A. Microstructure Examination with OM

1. Transverse cross section of stir zone

Figure 1 shows montages of optical micrographs illustrat-
ing transverse sections of the stir zones for samples FSP
514, 520, and 528. A corresponding montage for sample FSP
516 has appeared previously.!'®! For all of these images, the
direction of tool advance is into the page and so the advanc-
ing side is to the right while the retreating side is to the left.
In addition, the profile of the upper sample surface in con-
tact with the tool is visible toward the upper side of each mon-
tage. The width of the stir zone at the surface of the material
in contact with the tool shoulder is the same for all of these
processing conditions. The FSP 514 stir zone has the largest
apparent area among these samples, which reflects deeper
penetration of the frictional and adiabatic heating at the lower
tool rotation and travel rates (Table II). This is most appar-
ent on both the advancing and retreating sides, which are
regions affected mainly by the shoulder. Comparison of these
montages clearly reveals that the stir zone depth under the
tool shoulder decreases with increasing tool rotation and travel
rates. Near the center, stir zone depths are dominated by the
pin length; the decreasing stir zone depth with increasing tool
rotation and travel rates mainly reflects tool shape change due
to compressive deformation of the pin. There was no evidence
of tool erosion and transfer of tool material to the stir zone.

A bandlike structure is evident throughout the stir zone
of FSP 514. This structure consists of alternating light- and

Fig. 1—Optical micrographs of transverse sections of the stir zones for
(a) FSP 514, (b) FSP 520, and (c) FSP 528. The advancing side is to the
right side, and the retreating side is to the left side. The number points indi-
cate the locations of the regions observed at higher magnification.

METALLURGICAL AND MATERIALS TRANSACTIONS A

dark-etched phases that are elongated and generally aligned
in a horizontal direction. We have reported previously that
the lighter and darker phases are the primary « phase and
the products of B transformation during cooling, respec-
tively."® The FSP 520 and 528 both exhibit this structure
but only in block- or needlelike regions that extend hori-
zontally from a location under the tool shoulder on the retreat-
ing side inward across the stir zone. The primary « and 3
transformation products are both finer and less distinct in
these regions than in FSP 514 (and in FSP 516, as well!'®)).
A more complicated pattern of material flow is apparent in
the central regions of the stir zones in FSP 520 and 528. A
swirl pattern, or so-called “onion-ring structure,”®! is appar-
ent for these latter conditions; such a pattern reflects dis-
placement fields involving vertical as well as horizontal
components during deformation of the material.!*!

In addition, the thermomechanically affected zone (TMAZ),
which is the region outside the stir zone that experiences
mainly heating during FSP, is most extensive after FSP at the
lowest tool rotation and travel rates. For all of these processing
conditions, the boundary between the stir zone and TMAZ is
always more distinct on the advancing side and less so on the
retreating side, and a comparison among these conditions indi-
cates complex grain deformation patterns within the TMAZ
in the vicinity of the stir zone-TMAZ interface. Under the
tool on the advancing side, grain shape distortion suggests
local displacements along the interface and, in some locations
on the advancing side, flow upward toward the tool shoulder.

The interface between the stir zone and the TMAZ is gen-
erally indistinct on the retreating side. In some locations (such
as those indicated by arrows in Figures 1(b) and (c)), grain
flow patterns on the retreating side suggest a gradual transi-
tion from the TMAZ to the stir zone, and the block- or needle-
like regions of primary « and the 3 transformation products
are formed from TMAZ material that is drawn into the stir
zone from the retreating side as the tool advances. These
grain flow patterns comprise a dark-etching constituent that
is the bainitic or martensitic transformation products of S, as
well as the primary o. In the TMAZ, these constituents reflect
the eutectoid reversion reaction « + k;; — 8 accompanied
by, at most, small deformations, while these constituents
become progressively elongated in a horizontal direction as
the material deforms into these regions. Altogether, these
observations suggest that the gradients in strain, strain rate,
and temperature are steeper on the advancing side than on
the retreating side. These steeper gradients on the advanc-
ing side reflect that the direction of tool travel is parallel to
the tool surface tangential velocity on the advancing side and
antiparallel to it on the retreating side. Other effects that are
not apparent at the level of magnification in Figure 1 may
include the break up and refinement of the various k phases
that remain undissolved during processing. Because the
advancing side is subjected to larger strains and strain rates
than the retreating side, spheroidization and break up of these
phases may occur more readily on the advancing side.

2. Various locations within the stir zone

The variation in microstructure within the stir zone
depends on process parameters. Figure 2 shows higher mag-
nification micrographs for regions 1 and 2 in FSP 514; the
locations of these regions within the stir zone are indicated
in Figure 1(a). Figures 2(a) and (b) represent upper and lower
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Fig. 2—Higher magnification optical micrographs for (a) upper and (b) lower
regions along the centerline of the stir zone in FSP 514, corresponding to
regions 1 and 2 in Fig. 1(a), respectively. (¢) Annealing twins are apparent
in the « grains at still higher magnification in region 2.

regions along the centerline of the stir zone, respectively.
Elongated and banded structures consisting of « phase (light
etching) and prior B phase (dark etching) appear clearly in
both regions, although the relative amount of the 8 con-
stituent appears to be greater near the sample surface. In
both regions, these constituents are elongated in the hori-

1578—VOLUME 36A, JUNE 2005

zontal direction. In Figure 2(c), annealing twins are appar-
ent in the primary a grains when region 2 is examined at
higher magnification. The presence of such twins in primary
a was also documented by TEM of FSP 516,11

Figure 3 illustrates the variation in microstructure for dif-
ferent regions along a traverse through the center of the stir
zone in FSP 520 (Figure 1(b)). Figure 3(a) is from the loca-
tion nearest the surface, region 1 in Figure 1(b), and shows
distinct and relatively coarse Widmanstitten «, which is a 8
transformation product that forms on characteristic crystallo-
graphic planes in the 3 phase. The Widmanstitten morphology
reflects the mechanism of formation of primary « during cool-
ing of (3, and therefore, its appearance during FSP reflects heat-
ing to relatively high temperatures (>900 °C), with formation
of large volume fractions of (3, followed transformation of
the B during subsequent cooling at moderate rates. The reten-
tion of large fractions of primary « at lower heating temper-
atures during FSP apparently precludes the development of
the Widmanstitten morphology during subsequent cooling.
Figure 3(b) is from a location further below the surface, region
2 in Figure 1(b), and shows a banded structure consisting of
primary « and (3 phase transformation products similar to those
observed in FSP 514. Figure 3(c) is at about the middle of
the stir zone and is located in a region that exhibits the onion
ring pattern at lower magnification (region 3 in Figure 1(b)).
At this higher magnification, the onion ring pattern is seen to
consist of bands of fine, equiaxed grains of the « phase that
are surrounded by transformation products of the 3, while the
rings reflect periodic variations in both the volume fraction
of 3 transformation products and the grain size. Below the stir
zone, grain deformation in the microstructure in Figure 3(d)
suggests material flow due to tool rotation (region 4 in Fig-
ure 1(b)). Material in this region exhibits much finer grains
(to be further discussed in Section B), although the grains are
indistinct in this optical micrograph. Transformation products
of the 3 phase are not apparent in this region.

The FSP 528 sample also exhibits Widmanstitten « in the
upper regions of the stir zone (region 1 in Figure 1(c)), as
shown in Figure 4(a). A mixture of fine Widmanstitten «
and fine, equiaxed « grains is apparent at the middle of the
stir zone, as shown in Figure 4(b); this is the onion-ring region
(region 2 in Figure 1(c)) that is distinct at the middle of the
stir zone of FSP 528. The volume fraction of 3 transformation
products is larger in bands containing Widmanstitten « and
smaller in adjacent regions containing mostly equiaxed «. In
Figure 4(c), a very fine mixture of elongated primary « grains
and elongated products of 3 transformation is apparent at the
region nearest the bottom of the stir zone (region 3 in Fig-
ure 1(c)). The direction of elongation is horizontal.

Widmanstitten a was observed mainly in the upper regions
of the FSP 520 and FSP 528 samples, and no Widmanstitten
a is apparent in FSP 514. The presence of this transformation
product indicates nearly complete transformation to the 3
phase at the local peak temperature attained during the FSP
thermomechanical cycle. In turn, this result suggests that the
local peak temperature in near-surface regions is higher in
FSP 520 and 528 when compared to that attained in FSP 514.
Nevertheless, from the present OM observations, the «;; is
apparent throughout the stir zone in all of these samples, and
this suggests incomplete re-dissolution of «; in the B despite
local peak temperature that may exceed 930 °C (which is
the k; solvus temperature for the nominal alloy composition).

METALLURGICAL AND MATERIALS TRANSACTIONS A



Fig. 3—A series of higher magnification optical micrographs from regions 1 to 4 along a traverse through the center of the stir zone in FSP 520. (a)
through (d) Micrographs corresponding to regions 1 through 4, respectively, in Fig. 1(b).

B. Microstructure Examination by TEM

Thin foils for TEM examination were also prepared
from this sample set for further analysis of the effect of FSP
parameters on the evolution of microstructure. Figure 5 shows
TEM micrographs from the upper region of FSP 514. This
region contains mainly elongated primary « and (3 trans-
formation products, as shown in Figures 1(a) and 2, and
the data of Figure 5 correspond to a specific location that
is in the prior 8. Figure 5(a) is a BF image and selected area
diffraction (SAD) pattern, and Figure 5(b) is a dark-field
(DF) image, from the same position. Fine features that have
formed along characteristic directions as well as fine glob-
ular particles are apparent in these images. Many spots are
apparent in the SAD pattern, which had been obtained with
a ~1 um aperture, reflecting the presence of more than
one crystal orientation. The DF image taken by spot B in
the SAD pattern highlights one variant of a martensitic trans-
formation product. This microstructure is similar to the
martensite described by Hasan et al.' in an investigation
of transformations in this alloy system. Such a phase does
not exist in the as-cast condition of this material, and so this
constituent has formed by transformation of 3 during rapid
cooling in the thermomechanical cycle of the FSP.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Figure 6 consists of TEM micrographs showing globular
particles and lamellar-appearing precipitates at a location adja-
cent to that of the martensite shown in Figure 5. Figure 6(a)
is the BF image, while Figures 6(b) and (c) are the DF images
obtained from spots B and C, respectively. By calculation of
lattice spacing for each spot in the SAD pattern, spot B arises
from both the B2 and the DO; structure types, while spot C
comes from only the DOj; structure type. A fully ordered Fe;Al
phase (i.e., the k;; and the k;,) having the DO; structure and
a fully ordered NiAl phase (i.e., the k;;) having the B2 struc-
ture will have interatom spacings that differ by less than 1
pct and therefore will exhibit similar electron diffraction pat-
terns. Nevertheless, these phases can be distinguished with
selected spots in the SAD pattern, e.g., 111p03, 113pos. Thus,
in Figure 6(b), both the globular particles and lamellar-appear-
ing particles are bright, while in Figure 6(c), only central
regions of the globular particles are light. This indicates that
central regions of the globular particles are the DO phase,
while the outer layer is the B2 phase, and so the globular par-
ticles are composite precipitates. Such composite precipi-
tates are also consistent with the results of Hasan et al.!'*2!
There are also light areas in Figure 6(c) away from the core
of the globular particles. Swann and Warlimont'?’! have shown
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Fig. 4—A series of higher magnification optical micrographs from a tra-
verse through the center of the stir zone in FSP 528. (a) through (¢) Micro-
graphs corresponding to regions 1 to 3, respectively, in Fig. 1(c).

that there are three types of martensite in Cu-Al binary alloys:
(1) a distorted fcc type, B'; (2) a tetragonal, ordered type, B,;
and (3) an ordered hcp type, y'. The martensite phases are
denoted B’ in binary alloys that have <11 pct Al, B,’ for 11
to 13 pct Al, and y' for >13 pct Al. Furthermore, in alloys
containing >11 pct Al, the high-temperature bcc 3 phase
transforms to an ordered (3, having a DO; structure prior to
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Fig. 5—TEM micrographs from a location near region 1 in FSP 514; cor-
responding OM data are shown in Figs. 1(a) and 2(a). (a) BF image and
(b) DF image taken using spot B in the SAD pattern; the microstructure
is martensitic with globular particles.

the martensite transformation, and then transforms marten-
sitically to either B3," or y'. This suggests the possibility that
the B phase in the alloy of this investigation may have trans-
formed to Fe;Al having DOjs structure type before the occur-
rence of the martensite transformation, and so the martensite
would be expected to be B," or y'.

Figure 7 shows the microstructure from the lower region
in FSP 514. Coarser particles having an ellipsoidal shape and
martensitic transformation products formed in areas nearby
the particles are apparent in Figure 7(a). This martensite com-
prises fine variants that align alternately along characteristic
directions. The particles exhibited larger amounts of Fe and
small amounts of Al by energy-dispersive spectrometry analy-
sis, and so they are expected to be the Fe;Al phase (i.e., k;
or k;,) that has been broken up and spheroidized by severe
deformation during FSP. The formation of martensite nearby
these particles indicates that the concentrations of Al, Ni, and
Fe are enriched in the immediate vicinity of the particles due
to partial dissolution of k;; during FSP. Figures 7(b) and (c)
show globular and lamellar-appearing precipitates also located
near the martensite; Figure 7(c) is a DF image acquired using

METALLURGICAL AND MATERIALS TRANSACTIONS A
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Fig. 6—(a) Micrograph of the BF image. (b) and (c¢) The DF images taken
using spots B and C in the SAD pattern, respectively, and showing lamel-
lar particles and composite precipitates consisting of a DO; phase core with
a B2 phase outer layer.

the 100z, spot in the SAD pattern of Figure 7(b). Both the
globular and lamellar-appearing precipitates are larger when
compared to the corresponding precipitates in the upper region
of this sample. The globular particles are, again, composite

METALLURGICAL AND MATERIALS TRANSACTIONS A

Fig. 7—TEM micrographs from a location near region 2 in FSP 514;
corresponding OM data are shown in Figs. 1(a) and 2(b). (¢) BF image
showing coarser particles and martensitic transformation products formed
around the particles. (b) and (c) Lamellar-appearing and globular precipitates
formed in the vicinity of the martensite shown in (a).

precipitates, as seen in the upper region, because the addi-
tional spots indicated by the arrows in the SAD pattern are
due to the DOj structure type. The lamellar particles appear

VOLUME 36A, JUNE 2005—1581




Fig. 8—A TEM micrograph from a location near region 2 in FSP 520, as
shown previously in Figs. 1(b) and 3(b), illustrating lamellar-appearing and
globular particles. The sizes of the particles are much smaller than those
in FSP 514 (Figs. 6 and 7).

to be separated by darker boundaries. This suggests that the
region experienced high temperatures for a sufficient time
and that the particles have grown and become surrounded by
misfit dislocations. In FSP 514 mixed structures, martensite
and bainite are observed not only in the upper region but also
in the lower region. This is consistent with OM observations.

Figure 8 is a TEM micrograph obtained in FSP 520 from
a location near region 2 in Figure 1(b). This image shows
lamellar-appearing particles and globular precipitates. A
comparison of the image in Figure 8 with the images in Fig-
ures 6 and 7 reveals that the lamellar-appearing and globu-
lar particles are much finer than those in FSP 514. The
globular particles have either the B2 or the DOj; structure,
but identification of a composite precipitate structure, such
as that observed in the FSP 514 material, was not feasible.
Again, martensite was observed nearby this location. A mixed
structure of bainite, martensite, and fine globular particles
was observed even in the middle of the stir zone in FSP 528.
Thus, the microstructures with dark etching constituents con-
sisting of these B transformation products in OM are con-
sistent with TEM results in all samples.

Figure 9 is a histogram summarizing the variation in sizes,
determined from TEM micrographs, of the globular particles
and the spacing of the lamellar particles in the bainite from
each of the conditions given in Table II. These data were all
acquired from regions exhibiting elongated and banded mixtures
of primary « and transformation products of . Such micro-
structures reflect heating to temperatures of ~900 °C and were
apparent throughout FSP 514, while they were only seen in
limited regions of FSP 516, 520, and 528. Both the globular
particle size and lamellar spacing are largest in FSP 514. The
globular particle size appears to increase with depth along the
center of the stir zone, while the spacing of the lamellar par-
ticles remains constant within the error of measurement. For
all other processing conditions, the globular particle sizes and
lamellar spacing values are smaller than for FSP 514 and, fur-
thermore, are identical for FSP 516, 520, and 528 within mea-
surement error. The larger globular particle size in FSP 514
may reflect slower cooling due to the larger volume of the stir
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Fig. 9—A histogram illustrating the variation in sizes of globular particles
and the spacing of lamella in the $ transformation products obtained from
TEM micrographs in regions exhibiting elongated and banded mixtures of
primary « and 3 transformation products.

zone for this condition, and thus more time for growth fol-
lowing nucleation. However, it is also possible that the «;; por-
tion of these particles formed on either k; or k;, particles that
did not dissolve but instead were deformed and broken up by
FSP. Such particles would not have formed directly from the
B phase, and this may account for the large size of such par-
ticles in the lower portion of the stir zone of FSP 514. The
fine lamellar particles form from the 3 by bainitic transforma-
tion during the cooling part of the FSP thermomechanical cycle.
The reduction in spacing observed in Figure 9 corresponds with
the reduced cross-sectional areas of the stir zones (Figure 1),
which, in turn, reflects increased cooling rates from 900 °C.

Figure 10(a) is a representative microstructure of the elon-
gated primary « located within the band structure in the upper
region 2 of FSP 520. This corresponds to the light area in
region 2 that was shown in Figures 1(b) and 3(b). This image
shows an annealing twin as well as substructure, reflecting
deformation, recovery, and, possibly, recrystallization in the
primary « during the FSP thermomechanical cycle. Such an
a phase microstructure was common for regions in all samples
that exhibited bandlike structures. Figure 10(b) is a repre-
sentative microstructure from the lower region 4 of FSP 520
(Figures 1(b) and 3(d)), and shows a highly refined « grain
1 to 2 um in size. Annealing twins are evident in the « grains
and fine precipitates are apparent at the « phase grain bound-
aries rather than the 3 transformation products evident in the
upper region of this sample. Regions near grain boundary
triple junctions may include particles from the eutectoid con-
stituent in the as-cast conditions that have been broken by
FSP. This microstructure is essentially identical to that reported
previously for FSP 516!'%! and may reflect recrystallization
by particle-stimulated nucleation!®®??! of recrystallization and
grain growth that is restricted by fine precipitates.

IV. DISCUSSION

Stir zone microstructures and their spatial variation depend
upon FSP parameters. For the tools employed in this study,
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Fig. 10—(a) TEM micrograph of the elongated primary « located within
the band structure in the upper region 2 of FSP 520, illustrating annealing
twins as well as deformation-induced substructure. (b) TEM micrograph
from the lower region 4 of FSP 520 showing a refined a grain structure
with fine particles along the a boundaries as well as clusters of irregularly
shaped particles in the vicinity of grain triple junctions.

processing at low rotation and traversing rates (i.e., FSP 514)
resulted in relatively uniform microstructures throughout the
stir zone, while processing at high tool rotation and tra-
versing rates (i.e., FSP 528) resulted in distinct gradients in
the stir zone microstructure. Thus, FSP parameters affect
peak temperatures, times at temperature, subsequent cool-
ing rates, and strain and strain rate throughout the stir zone,
and adjacent locations in the stir zone microstructure may
experience distinctly different thermomechanical histories.

Predictive models of the thermomechanical cycle through-
out the stir zone as well as its dependence on FSP parame-
ters remain to be established. Nevertheless, detailed analysis
of stir zone and TMAZ microstructures in NAB materials
has provided a method to estimate local peak temperatures
due to FSP.!'®) These estimates assume that cooling rates
following FSP are much greater than those in equilibrium-
cooled as-cast material. Thus, in as-cast NAB having the
nominal UNS95800 composition, the lamellar o + k;; will
begin to transform to B as the local temperature reaches
~800 °C and the fraction of B will increase with further
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heating above this temperature. The k;, phase will begin to
dissolve into the remaining primary « beginning at ~860 °C,
while the k;; phase will dissolve into the 8 beginning at
~930 °C. At ~1030 °C, the microstructure will become
entirely . These transformations on heating will be accel-
erated significantly by the concurrent deformation of the
material.***"% Various cooling transformations will occur
following passage of the tool, and the transformation prod-
ucts will depend on the prior local peak temperature as well
as the subsequent cooling rate. For locations that have expe-
rienced heating to near 1000 °C, and therefore the forma-
tion of large B volume fractions during straining and heating,
subsequent cooling at rates typical of FSP will result in the
successive formation of, first, Widmanstitten «, then bai-
nite, and, finally, martensite. At locations that have experi-
enced straining with heating to lower temperatures, resulting
in mixtures of untransformed primary a as well as 3, the
resulting microstructure will comprise the primary « and
various transformation products of the (. The latter will
include, again, Widmanstitten «, bainite, and martensite.

Figure 11 shows schematic stir zone thermal cycles based
on microstructure analysis for the different FSP conditions
of this investigation. The calculated ratio of traversing rate
to rotation rate, i.e., millimeter of tool advance per revolu-
tion of the tool, is provided in Figure 11 for each of these
FSP processes. This ratio varies from 0.04 mm/rev for FSP
514, the slowest process, to 0.34 mm/rev for FSP 528, the
fastest process. Altogether, three differences among the
microstructures of the materials of this investigation are
related to processing speed: (1) morphology of the primary
a, (2) development of the Widmanstitten «, and (3) for-
mation of the “onion ring” structure in the mid regions of
faster processes. Furthermore, these differences are associ-
ated with features that are much smaller in scale that the
sizes of the stir zones.

For the slowest process (FSP 514), the microstructure
throughout the stir zone consists of elongated and banded
grains of the primary « and transformation products of the 8
phase. Such microstructures reflect severe deformation near
the midpoint in temperature of the o + S two-phase region
of the phase diagram. From analysis of the relative fractions
of primary « and 3, the peak temperature near the surface in
contact with the tool is ~920 °C while that at the bottom of
the stir zone is ~850 °C. The primary « grain size is coarser
in FSP 514 than it is for similar microstructures produced by
the other processes. Furthermore, the sizes of the globular
particles and spacings of the lamellar particles in the S trans-
formation products (Figure 9) are both largest in FSP 514.

As processes become faster, the depth of the stir zone
decreases while the microstructure data indicate that tem-
perature differences in the stir zone become greater; together,
these factors suggest steeper temperature gradients in the
stir zone. The presence of Widmanstitten o near the surface
in contact with the tool reflects an increase in temperature
at this location, while temperatures at the bottom of the stir
zone apparently decrease toward the temperature for the
eutectoid reversion reaction a + kj; — 3. The appearance
of Widmanstitten « near the surface in contact with the tool
indicates that peak temperatures are approaching ~1030 °C
in FSP 520 and 528; there was less of the Widmanstitten
« constituent in FSP 516, and this is consistent with a some-
what lower peak temperature for this processing condition
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Fig. 11—Schematics of stir zone thermal cycles are illustrated for the processing conditions examined in this study. The peak temperatures of these cycles

are based on microstructure observations of these samples.

despite a ratio of traversing rate to rotation rate that is
nominally the same as that for the FSP 520 condition.
Widmanstitten « forms from 3 at moderate to low cooling
rate and the amount of this constituent apparently depends
on solute content and undercooling. Studies of annealing
and either quenching or air cooling of the as-cast NAB
material have shown that high cooling rates (~1073 °Cs™!)
suppress the formation of Widmanstitten « for any anneal-
ing temperature in the & + B range of the phase diagram.**!
This constituent forms from the 8 at moderate cooling rates
(~10° °Cs™!) but the amount decreases as the annealing
temperature decreases, and the Widmanstitten morphology
is no longer apparent below an annealing temperature of
about 900 °C. This may reflect an increased solute content
in the 3 as annealing temperature is decreased and a greater
tendency for bainitic or martensitic transformation upon sub-
sequent cooling. On this basis, the near-surface regions in
FSP 520 and 528 attained temperatures ~1030 °C with com-
plete transformation to 3, followed by « phase formation
with the Widmanstitten morphology as well as bainite and
martensite.

An increased tendency for spheroidization of the
microstructure constituents was apparent at higher processing
speeds. For example, comparison of the banded structures
among the different processes reveals that the primary o
grains are more nearly equiaxed in fast processes than in
slow processes. This reflects the severe straining in the
FSP thermomechanical cycle. Also, while the «;, and «;; are
both nominally Fe;Al having a D05 structure, the k;, may
dissolve more readily than the k;; because it is finer in size,
which is, in turn, a reflection of its lower solvus temperature
of ~860 °C. The severe straining of FSP may also induce
recrystallization in the primary « at undissolved k;, particles,
or in association with 3 phase formed in the primary « by
dissolution of the k;, upon heating above the «;, solvus tem-
perature. At higher stir zone temperatures, the remaining
primary « may have a similar role in recrystallization of the
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B insofar as the bce B should be softer at temperature than
the fcc a.

Complex material flow patterns, i.e., onion rings are
evident below the banded regions in FSP 520 and 528, as
indicated in Figures 3(c) and 4(b). The onion rings com-
prise two kinds of microstructure. In FSP 520 (Figure 3(c)),
each ringlike band consists of layers of elongated « grains
and equiaxed « grains, surrounded by fine 3 phase trans-
formation products. In the faster FSP 528 process (Fig-
ure 4(b)), the onion rings consist of spheroidized « and
Widmanstitten « layers; the latter layer also contains a large
volume fraction of other, fine B transformation products.
Such onion ring structures reflect complex strain histories
in the stir zone and have been reported in Al alloys
processed by FSW as well as FSP.3!>"15! In general, the
ring spacing in planes parallel to the direction of tool motion
corresponds to the ratio of tool advance per revolution.'42°!
In AA2024 and 2524 alloys, onion ring structures involving
alternating bands of finer and coarser grains have been
reported."'?15 The size and distribution of constituent par-
ticles as well as the microhardness also differ along with
the grain size. Predictive models for the onion ring structure
have not been developed. In the present study, one band
has a larger volume fraction of 3 transformation products
than the adjacent band, and this suggests that the band
exhibiting the larger volume fraction of 3 experienced a
higher peak temperature in its strain history. Short-range
periodic variations in temperature are unlikely, and so this
result suggests that the material of adjacent bands moved
from different initial locations and therefore experienced
different thermal histories.

The k;; phase was present in all samples even though local
peak temperatures apparently attained values above the solvus
temperature, 930 °C, for this phase. Such peak temperatures
were only attained in the faster processes. In a previous inves-
tigation, prolonged heating was necessary to dissolve the
coarse kj particles.®¥ These particles are generally >20 um
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in size and they persisted during 6 minutes of annealing at
950 °C, although they were completely dissolved after 1 hour
at this temperature. In contrast, the equilibrium fraction of
3 was attained in 6 minutes at this temperature. The k; (Fe;Al)
is an ordered phase having Fe as its major component. The
solute diffusion coefficients for Al, Fe, and Ni in Cu at 900 °C
are 2.14 X 107° ecm? s 1,B* 3.00 X 107 cm? s, and
7.74 X 107" cm? 57,35 respectively. The self-diffusion
coefficient for Cu is 3.20 X 107'° cm? !, almost the
same as that for Fe. The diffusion coefficients for Fe and Ni
solutes as well as the self-diffusion coefficient for Cu are
all smaller than that the Al diffusion coefficient. Thus, during
the brief heating of the faster FSP processes, the «; may
persist at temperatures above its solvus.

V. CONCLUSIONS

1. For the tool and processing conditions of this investigation,
uniform microstructures and relatively flat temperature
distributions are inferred at low tool rotation and travel
rates.

2. Stir zone depth decreases as tool rotation and travel rates
increase, especially under the tool shoulder; decreasing
stir zone depth under the tool pin reflects compressive
deformation of the tool pin as well as shallower pene-
tration of the deformation and heating of FSP.

3. The onion ring structure, which reflects complex material
flow patterns involving displacements parallel to as well
as perpendicular to the tool axis, is formed at higher rota-
tion and travel rates.

4. The development of coarse Widmanstitten « indicates
that the local peak temperature during FSP is ~1030 °C,
i.e., within the single-phase 3 region in the phase diagram,
and that the subsequent cooling rate is moderate.

5. Maximum peak temperatures during FSP are estimated
to be higher for high tool rotation rates, i.e., in the order
FSP 514 < FSP 516 < FSP 520 < FSP 528.

6. Spheroidization of microstructure is attributed to severe
local deformation during FSP.

7. Retention of the k;; phase throughout all stir zones in this
investigation suggests that time at temperature is insuf-
ficient for complete dissolution of this constituent into
the 3 phase.
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